The process of formation of the cube recrystallization texture in a pure copper sheet cold rolled by 93% was examined in diameter had cube orientations was recognized based on electron diffraction and the shape of annealing twins. (3) The recrystallized grains were aligned along straight lines parallel to the rolling direction. The orientations of the areas on both sides of the line were different from each other. The relative orientation relatiorships were not definite. (4) No recrystallization occurred preferentially in the regions with cube orientations which had been produced by rolling. (5) Recovery proceeded in the deformed matrix simultaneously with recrystallization. The cube re-rystallized grains grew rapidly at the expense of the recovering deformed matrix.
Introduction
A great deal of studies have been done on the cube recrystallization texture.
The mechanism of formation of this texture has been proposed from the standpoint of the oriented nucleation theory(1) (3)or the oriented growth theory(2).
No decisive conclusion has been obtained. In the present study the process of formation of the cube recrystallization texture in a heavily cold rolled copper sheet wts observed mainly using a transmission electron * A part of this paper was published in Journal of the Japan Institute of Metals, 29 (1965) , 891. ** Faculty of Engineering , University of Tokyo, Japan. Electron Miaascopkc Observation of the Formation of Cube Recrystallization Textvre microscope technique. On the basis of the results obtained, a mechanism of formation of the cube texture was considered. Furthermore, the condition for the formation of the cube texture in fcc metals and alloys was clarified.
II. Experimental Procedure
A sheet of vacuum-melted high purity copper (>99.99 % at room temperature (thickness 1.50.1mm). The specimens taken from the rolled sheet were then annealed crystallization process was made by the hardness test, an X-ray diffraction technique using the transmission Laue method and optical microscopic observation, and the structural variation during the nucleation and growth was examined under an electron microscope (100 KV) after thinning the same specimens by chemical-and electropolishing.
III.
Experimental Results
Hardness test
Variation in micro-Vickers hardness on annealing for 30 min at each temperature is shown in Fig. 1 . Softening shows a hardness vs. time curve of the specimen annealed at 150C. Softening begins on annealing for 1 min and proceeds with increasing annealing time.
X-ray diffraction
The texture of the specimen cold rolled by 93% was c), the diffuse arc disappeared and only the discrete spots representing the recrystallized grains with the sharp cube orientation were observed. This indicates that the primary recrystallization is completed. Fig.1 Micro-Vickers hardness of the copper sheet cold rolled 93% and annealed for 30 min at each temperature. Fig. 2 Micro-Vickers hardness of the copper sheet cold-rolled 93% and annealed of the pure metal type, as reported previously(4). An X-ray diffraction photograph taken on the speci-1.(a). In addition to the diffuse diffraction arc from the deformed matrix, a small numbea of discrete spots are observed. It is obvious, therefore, that some recrystallized grains were already formed at this stage though little overall softening was observed. The positions of the discrete spots reveal that the recrystallized grains have a cube orientation. The number and the reflection 3. Optical microscopic observation
Photo. 2 shows an optical micrograph observed on the rolling plane of the specimen annealed for 2 min at 150°C. Recrystallized grains appear to align along straight lines parallel to the rolling direction (R.D.). Spacings between these lines are not constant, but most grains grow rapidly with increasing annealing time.
Electron microscopic observation
Specimens used above were examined by a transmis- (4) In Photo. 3 three recrystallized grains are aligned along a straight line. Fig. 3 is the schematic representation of Photo. 3. Electron diffraction patterns (a), (b), (c) and (d) were taken from th° areas A, B, C and D, indicated by arrows in Fig. 3 boundary between the areas with different orientations. In Photo. 4, recrystallized grains A and B form sharp boundaries with the surrounding deformed matrix. There are other recrystallized grains aligned along the lines A'A" and B'B" parallel to R.D., although they cannot be seen in the photograph. The distance between them is about 13 p. On the other hand, the structure in the deformed matrix is similar to that in the as-rolled state. In local regions, however, recovery proceeds, that is, the dislocation density decreases and subgrain-like structures are formed by the rearrangement of dislocations. But all the diffraction patterns from the deformed matrix indicate that the orientations and their spread are a'.most the same as those in the as-rolled state (Photo. 4. (c) and (d)). The pattern (e) was obtained from a sma'_l area C. The pattern similar to (c) was observed in the whole region between the grains A and B. The pattern (d) was obtained from the area D , and the similar pattern was observed in the lower region adjacent to the grain A.
other high-index components. These two {110} <112> components are in a twin orientation relationship. It is obvious, therefore, that the grain A appeared at the boundary between {110} <112> twin components. Annealing twins are formed in the grain A, showing that the grain has already commenced to grow. The same observation was made in the area B and the same result was obtained. These patterns reveal that both areas A and B have nearly the same {112} <111> orientation but the directions of their orientations are slightly different. From the boundary area C between these areas, a diffraction pattern as in Photo. 5.2 was taken. Its wider split is equal to the sum of splits of the deformed matrix and contain twins. That they have a cube orientation is known from the shape of the twins. Deformed matrix is slightly vecovered and has different orientations at a region between lines AA" and BB" including a small area C and at another region: below the line A'A" including a small area D. Electron diffraction patterns c and d were taken from the small areas C and D. M and R stand for deformed matrix and recrystallized grain, respectively. above two. The direction of the center of the split is almost parallel to R.D.. These imply that the above two {1'12} <111> components meet in the area C. Whether these components are in a twin orientation relationship cannot be determined from the diffraction patterns, but this seems to be the case in view of the texture formation on the basis of the slip rotation during rolling as discussed in a previous paper(5).
An example is given in Photo. 6. A large grain A forms a sharp boundary with the deformed matrix. In the deformed matrix, recovery proceeds and the dislocation density decreases.
A simple dislocation configuration can clearly be seen in a subgrain B, where remarkable recovery has occurred. Photo. 7 is a band-like structure in the deformed (5) S. Horiuchi, T. Okubo and I. Gokyu: J. Japan Inst. Metals, 29
(1965),589.
Photo. 5 A microstructure observed at the early stage of annealing showing two aligned recrystallized grains. While the smaller one is in a typical figure, the larger one is characteristic in that a group of dislocations parallel to R. D. invade the recrystallized grain from its boundary. Electron diffraction patterns a and b (in the same plate) , and c were taken from the small areas A, B and C, respectively.
Photo. Recrystallized grains grew rapidly with increasing annealing time. Photo. 8 shows an example of the structure the grain was analyzed from the shape of an annealing twin.
As the recovery proceeds polygonized regions become noticeable. The dislocation density in the polygons is low but slightly higher than that in recrystallized and larger polygons are scarcely observed. The rate of recovery varies widely throughout the deformed matrix, though it cannot be recognized from Photo. 8.
It is interesting
to make a continuous observation of the processes of recovery and recrystallization. For this purpose, a film made by thinning a rolled sheet was
The result obtained was remarkably different from the foregoing result in that no recrystallization but polygonization occurred. The competitive mergence among polygons could not be seen clearly. Little orientation change occurred.
These results are similar to those obtained by Bailey(s) and Votava(7).
The above noteworthy findings obtained in the re- crystallization process into the cube texture can be summarized as follows. (1) Recrystallization can occur easily. For comparison, in a copper sheet cold rolled by 70%Jo, the purity of which was the same as that in the present experiment, the primary recrystallization was completed rise to a cube texture<S>.
On the other hand, the cube textue could be formed only after annealing for 30min spread of the cube texture is very small compared with a wide spread of the rolling texture (Photo. 1). (3) On within about 30 sec in the deformed matrix which is similar to that after rolling.
They can clearly be disting uished from the surrounding deformed matrix because of the difference of the density of dislocations when their rate of the grains is high at the initial stage of recrystallization. In most cases sharp boundaries were formed between the recrystallized grains and the deformed matrix over the whole circumference (Photos. 3 and 4). (4) It was recognized by electron diffraction patterns and the shape of annealing twins that most of the small recrystallized grains have cube orientations grains sometimes neither gave clear diffraction patterns nor contained annealing twins. This fact remarkably differs from that observed in 7-3 brass, in which the orientation of small recrystallized grains was almost random(8). (5) Recrystallized grains appear to align along straight lines parallel to R.D.. The orientation of the area on one side of the line is different from that on the other. In other words, each recrystallized grain is formed at the boundary between the areas with different orientations. The relative orientation relationships are not certain ; they consist of {112} <111> twin orientation relationships, {11O} <112> twin orientation relationships, {110} <112>-{112} <111>, {110} <112>-{p} <q>, {112} <111> -{r} <s>, {p} <q>-{r} <s> (The letters p, q, r and s mean high indices.). (6) There are annealing twins even in small recrystallized grains, indicating that the growth of the grains has already commenced and that the orientation of the deformed matrix swept by the boundary changes gradually. (7) No recrystallization occurs preferentially in the regions with the cube orientation, which have been produced by rolling (Photo. 7) (8) Recovery as well as recrystallization simultaneously proceeds in the deformed matrix. The rate of recovery differs by the regions. The decrease of dislocation density due to the recombination and the annihilation of dislocations with different signs, and the formation of polygons due to the rearrangement of dislocations contribute to the recovery. recrystallized grains grow rapidly at the expense of recovering deformed matrix.
IV. Discussion
The formation of recrystallization nuclei
The current oriented nucleation theory (1), which assumes that the deformed matrix with a cube orientation forms the recrystallization nuclei by preferentially releasing the strain at the initial stage of annealing, is not appropriate to explain the fact (7) mentioned above. The current oriented growth theory(2) assuming the formation of the nuclei with random orientations is also inadequate to explain the fact (4). Any other mechanism, which can explain the observed facts, must instead be sought. Verbraak(2) has proposed a mechanism that, if the inverse Rowland transformation occurs near the {110} incoherent boundary between {112} <111> twin components, the boundary disappears and a cube recrystallization nuclcus is formed there. Since then, however, neither positive support nor opposing view has been offered by other workers.
The present authors have pointed out in the previous paper(5) that when the rolling texture includes sharp {112}<111> twin components the cube texture is formed after recrystallization. They have also clarified on the basis of the slip rotation that 11121 <111> twin components become adjoined each other after heavy rolling and the boundary plane of the deformation band is {110} incoherent one. Therefore, a geometrical condition for the actual occurrence of the mechanism proposed by Verbraak seems to be satisfied.
If the nuclei are assumed to be formed by the inverse Rowland mechanism and this mechanism operates only when the twin components are exactly in a twin orientation relationship, the facts (2), (4) and (7), and the first half of the facts (5) above can well be accounted for. It is expected under the assumption that the nuclei are formed at the boundary between adjoining {112} <111> twin components. However, the boundaries where the recrystallized grains appear are not definite and the cases in which they exist at the boundary between {112} <111> components are rather rare. Regarding this fact it may be thought that the nuclei of the grains A and B in Photo. 4, for example, were formed not at that site in the photograph but at the boundary between {112} <111> twin components existing above or below it.
One may imagine a mechanism other than that mentioned above. Bailey(6) has observed that recrystallization caused by the bulge-out of the subgrain boundary. Hu(9) has reported that the nuclei were formed by subgrain coalescence. The present result, however, is clearly different from these two observations.
Although most of the present results might be well accounted for on the basis that the nuclei are formed by the inverse Rowland transformation, it must be noticed that there is no direct experimental evidence for the occurrence of the transformation. Therefore it may only be concluded at present that under the resolving power of the electron microscope the nuclei seem to be formed by some particular mechanism like the inverse Rowland transformation. recovery. The dislocation density in them is a little higher than that in the recrystallized grains (Photo. 8).
orientation of the matrix ({123} <121>) and the orientation of the recrystallized grains have a relationship of <111> 40°(10) and hence the boundary mobility is high. The driving force for the grain boundary migration at the expense of the polygons may be large. It consists of two parts, i.e. one is due to the difference of the dislocation density and the other due to the disappearance of the polygon boundaries. On the other hand, since the orientation in the recovering deformed matrix is similar to that after rolling (Photo. 3, 4, 5 & 7), the main 3. The formation of the cube texture
The formation process of the cube texture is schematically represented in Fig. 4 , in which as an example forming a polycrystal. Similar representation can, of course, be applied for other orientations. Some additional explanations for Fig. 4 are given below. {110} <112> twin components are first formed during rolling. On further rolling each of them gradually changes the orientation to {112} <111> twin orientations(5). At the early, stage of annealing the cube nuclei are formed at the boundary by a particular mechanism such as the inverse Rowland transformation and grow on further annealing.
4. The condition for the formation of the cube texture in fee metals and alloys It was pointed out(5)(11) that the presence of {112} <111> twin components in the rolling texture was necessary for the formation of the cube texture and that (10) The result is represented schematically in Fig. 5 , in which the estimated fraction of {110)<112> components as well as of {112} <111> twin components are shown. The fraction of f112)<111> twin components is Au, Ni). In these metals the cube texture is formed after recrystallization. The fraction of {112} <111>
pure Al) the rolling texture is observed to be of the pure metal type. However, the fraction of the adjoining {112} <111> components which is crystallographically in twin orientation relationship may -be low because multiple slips occur from the initial stage of deformation. On annealing it is found') that recovery occurs prior to recrystallization in the deformed matrix and that the annealing texture is similar to the rolling one.
